We have measured the acoustic properties and mineralogic composition of 48 rock specimens from mixed carbonate-siliciclastic outcrops of the Permian upper San Andres formation in Last Chance Canyon, New Mexico. The goals were: (1) identify and model the parameters controlling the sonic velocities; (2) assess the influence of postburial diagenesis on the acoustic velocities.
INTRODUCTION
The complex relationship between acoustic properties and the texture, mineralogic composition, and facies of sedimentary rocks strongly influences the geologic interpretation of wireline logs and seismic reflection data. To connect seismic data with geology, identifying and quantifying the parameters influencing the porosity and acoustic velocity of the sedimentary rocks that generate seismic reflections are essential. Second, to build and test seismic models of complex stratal reflection patterns, more information is needed on the spatial distribution of acoustic properties in outcrop analogs.
Siliciclastics traditionally have been the primary target for research on the acoustic properties of sedimentary rocks, due to their importance in petroleum exploration. Extensive work over the last few decades has established some relatively simple relations between seismic velocities and important rock parameters such as porosity, density, and clay content in carbonatepoor siliciclastics (Wyllie et al., 1956 (Wyllie et al., , 1958 Gardner et al., 1974; Raymer et al., 1980; Klimentos and McCann, 1990; Tosaya and Nur, 1982; Kowallis et al., 1984; Han et al., 1986 ). Gardner's experimental equation and the empirical Wyllie and Raymer solutions have been used widely for the prediction of porosity, density, and lithology from acoustic velocity. However, they ignore important lithologic parameters such as mineralogic composition, textural position of clay and secondary minerals in general, and pore size and shape distribution. Vernik and Nur (1992) developed a classification system that is based on both the petrophysical as well as compositional and textural parameters of siliciclastic sedimentary rocks. This model is based on the grain mineralogy, amount of textural position of clay, and load-bearing structure of the rock (clayey matrix versus granular framework). Vernik (1994) expanded and further refined this model and proposed new linear compressional velocityporosity transforms for four groups of consolidated siliciclastic rocks, ranging from clean arenites to shales.
In contrast, little information and fewer models on the acoustic behavior of carbonates are available in the literature. Though several case studies have been published (e.g., Rafavich et al., 1984; Wilkens et al., 1984; Wang et al., 1991; Anselmetti and Eberli, 1993; Anselmetti, 1994; Biddle et al., 1992; King et al., 1992; Kenter and Ivanov, 1995) , the relation between sedimentary and petrophysical properties in carbonate rocks is still poorly documented (e.g., Bourbié et al., 1987) . These carbonate and mixed carbonate-siliciclastic data sets have in common a deviating behavior with regard to the Wyllie and Raymer solutions, and Gardner's equation (see e.g., Anselmetti and Eberli, 1993; Kenter and Ivanov, 1995) .
In this paper, the combined petrophysical and petrographical approaches of Vernik (1994) were applied to a study of FIG. 1. Regional paleogeographic setting during the Late Guadalupian (Permian) after King (1948) . Hatched areas represent basins and dotted areas represent mountains.
the acoustic behavior of mixed carbonate-siliciclastics sedimentary rocks of the upper San Andres formation in the Guadalupe Mountains in New Mexico. We investigated and modeled the relation between siliciclastic material (predominantly fine-to medium sand-sized quartz grains and minor authigenic clay), carbonate matter, and porosity at effective stresses up to 30 MPa. One important result is that, in contrast to pure siliciclastics, the gradient of the porosity-velocity transforms steepens with increasing carbonate content. Second, we will document that the effect of postburial diagenetic alterations on the acoustic behavior is minimal. Therefore, the data set could be used as an input for seismic modeling experiments and compared with the subsurface analog.
DATA SET
Earlier work by Sarg and Lehmann (1986a, 1986b) , Kerans et al. (1993) , and Sonnenfeld and Cross (1993) summarizes the stratigraphic setting, sequence stratigraphic concepts, and higher frequency cyclicity in the Permian San Andres shelf margins in the Guadalupian Mountains, New Mexico (Figure 1) . Recently, Stafleu and Sonnenfeld (1994) published a series of seismic models that were based on detailed stratigraphic crosssections in the Last Chance Canyon, and directly compared with a multifold seismic line located approximately 50 km northwest of Last Chance Canyon. We have collected 48 samples from two San Andres sequences that are exposed in this canyon: sequences uSA 3 and uSA 4 (Figure 2 ). Both sequences represent a complete cycle, fall and rise, of sea level, and have an estimated duration of approximately 0.5 to 1.0 million years (Sonnenfeld and Cross, 1993) . The samples have varying depositional environments ranging from restricted platform to low angle ramp, and mineralogic composition, ranging from pure limestone to dolomite and nearly pure quartz sandstones.
METHODS

Sonic velocities, density, and porosity
Upon arrival in the laboratory, two 1.5-inch diameter cylindrical samples were drilled from each sample using a watercooled diamond-coring drill. Sample ends were ground flat and parallel to within 0.001 inch. The samples were stored under vacuum for a period of 72 hours and saturated with de-aired demi-water. Ultrasonic compressional (P-wave) and shear wave (S-wave) velocities were measured as a function of pressure. A single P-wave and two S-wave velocities were measured with a transducer arrangement (Verde Geoscience c • , Vermont, U.S.A.) that propagated the compressional (V P ) and two independent and orthogonally polarized shear waves (V S1 and V S2 ) along the core axis.
The experimental procedure for obtaining the acoustic velocities involves measuring the one-way traveltime along the sample axis and dividing into the sample length. In the experiment, a source and receiver pair of like crystals are selected through an ultrasonic signal selector switch. The source crystal is excited by a fast risetime electrical voltage pulse, producing a broadband ultrasonic pulse with frequencies between 300 and 800 kHz. The arrival time is picked when the signal exceeds a threshold voltage equal to 3% of the overall peak-to-peak amplitude of the first three half-cycles of the signal. Precision of the measurement of the velocities in highly porous and relatively poorly consolidated low-velocity carbonates is within approximately 5%. The ultrasonic measurements were conducted at five to six effective stresses (P e ) that ranged from 2 to 30 MPa. Common values for confining and pore pressure FIG. 2. Schematic stratigraphic setting of Leonardian and Guadalupian strata along the northwestern shelf of the Delaware Basin after Stafleu and Sonnenfeld (1994) . The box represents the area of the Last Chance Canyon cross-section where samples were collected from sequences uSA 3 and uSA 4 of the San Andres II seismic-scale sequences defined by Sarg and Lehmann (1986a) . See text for discussion.
(P c -P p ) were: 2-0, 5-2, No information is present in the literature to what effective stress, or maximum burial before removal of overlying sediment, the formation has been subjected but present subsurface analogs have an estimated 15 to 30 MPa effective stress (750 to 2500 m burial), assuming hydropressured conditions.
Following the measurement of the acoustic velocities, saturated sample mass and sample volume were measured assuming the samples are perfectly cylindrical. Subsequently, the samples were dried for 72 hours at 70
• C, the dry mass of the samples was measured, and wet bulk and dry bulk density (ρ s and ρ d ) were calculated from the saturated and dry mass, and volume, respectively. From each sample, two perpendicular thin sections, impregnated with epoxy (blue dye), were prepared, and subsamples were taken for the measurements of grain density and carbonate content. Grain density (ρ g ) was calculated from the mass and volume, measured with a helium pycnometer, of the powder. Total porosity (φ) was calculated from the grain density and dry density (ρ g and ρ d ). Table 1 summarizes the petrophysical measurements.
Quantitative mineral composition
X-ray diffraction (XRD) analysis of 13 representative samples was used to identify the dominant minerals in the rock specimens. An X-ray spectrometer was used to analyze all specimens and measure concentrations in weight percentages of CaO, K 2 O, MgO, Al 2 O 3 , and SiO 2 that are present in the detected group of minerals. With the information of the X-ray diffraction analyses, the weight percentages of oxides were used for conversion into the quantitative mineral composition of the specimens. In addition, carbonate content was measured for calibration with the X-ray fluorescence (XRF) analysis. The following is a description of the analytical methods and the rationale behind the conversion into a quantitative mineralogic composition.
Carbonate content was measured using the adapted gas volumetric "Scheibler" method. Whole rock samples are crushed and approximately 400 mg of the powder is brought in contact with hydrochloric acid. The subsequent production of CO 2 is a measure of the carbonate content of the sample. Accuracy of the method is approximately ±4%.
XRD analysis was carried out with CoKα radiation and a Philips PW1050/25 goniometer, which was equipped with a Note. PP. class. = petrophysical-petrographical classification; 1 = quartz-grain supported with weight% quartz > 50%; 2 = weight% quartz: 10% < quartz < 50%; 3 = dolomitic limestone with ratio dolomite/calcite > 1.5 and quartz% < 10%; 4 = mixed dolomiticcalcitic limestone with quartz% < 10%; 5 = calcitic limestone with ratio dolomite/calcite < 0.66 and quartz% < 10%; ρ s = saturated bulk density; ρ g = grain density; φ 1 = total fractional porosity; V P = compressional wave velocity; V Sm = mean shear wave velocity; V P /V S = velocity ratio; 2 = effective stress, P e . monochromator in the diffracted beam and an automatic variable divergence slit. Horizontally (with respect to the true vertical axis of the plugs) oriented discs were cut from a selection of 13 representative specimens. One side of the discs, with a thickness of 4 mm and a diameter of 35 mm, was polished to obtain a smooth and flat surface. This method minimizes both distortion of the mineral orientation as well as the surface roughness. The flat discs allow the detection of the mineral composition as well as a study of the preferred orientation of individual minerals within the rock texture. The specimens were measured from 3 to 46
• 2θ with a counting time of 4 s/0.02
• at 50% relative humidity. The irradiated specimen length was 12 mm, the receiving slit 0.2 mm, and the antiscatter slit 0.5
• . X-ray diffraction patterns were digitally recorded and corrected for the Lorentz and polarization factor (McEwan et al., 1964) and for the irradiated specimen volume.
Major element data were determined on a Philips PW1404 sequential X-ray spectrometer, equipped with an Rh anode XRF tube. Samples were dried overnight at 110
• C, and ignited at 1000
• C for 30 minutes. Beads were prepared from the ignited material by fluxing with a mixture of 2 Li 2 B 4 O 7 + 1 LiBO 2 , in a 1 + 4 dilution; melting time was 8 minutes at 1000
• C in a Pt-Au crucible on a high-frequency induction coil. Matrix corrections were calculated by the application of theoretical alpha coefficients. Separate sets of alpha coefficients were used for silicates and carbonates. The system has been calibrated using well-analyzed international reference samples, silicates as well as carbonates.
XRD patterns indicated the presence of the following minerals: dolomite, calcite, quartz, mica, kaolinite (possibly dickite), and potassium feldspar ( Figure 3 ). Gypsum was detected at very low levels in one sample and therefore neglected. The relative concentrations of major elements (MgO, Al 2 O 3 , CaO, SiO 2 , K 2 O) were converted to weight percentages of the minerals that were detected by XRD analysis. The conversion of weight percentages of major elements into weight percentage of minerals was carried out in several steps. First, the weight% of dolomite was calculated by assuming that all the available MgO is part of the dolomite. Then, the weight% of calcite was determined using the remaining weight% of CaO. The total carbonate concentration is the sum of dolomite and calcite weight percentages, assuming that the contribution by gypsum is minor. For the silicates, the conversion procedure is somewhat more complex. The concentration of mica is calculated using literature values of a MgO-rich mica, biotite (Weaver and Pollard, 1973; Newman, 1987) and its weight percentages of K 2 O (9.23%), Al 2 O 3 (15.77%), and SiO 2 (38.04%). Similarly, published weight percentages of Al 2 O 3 (19.64%), SiO 2 (64.98%), and K 2 O (7.33%) were used to calculate the concentration of a relatively potassium-poor feldspar, since there is a "shortage" of K 2 O in the major element composition.
Comparison of the peak heights in the XRD patterns suggests an equal contribution by feldspar and mica. Therefore, the available K 2 O was equally divided and assigned to both feldspar and mica. The weight percentage of kaolinite (literature values of weight percentages: Al 2 O 3 is 39.4% and SiO 2 is 46.55%; Newman, 1987) was calculated from the remaining weight% of Al 2 O 3 . Finally, the concentration of quartz was calculated by subtracting the concentrations of SiO 2 used by mica, feldspar, and kaolinite from the measured weight% of SiO 2 . A summary of the quantitative mineralogic composition of the rock specimens is presented in Table 2 .
Petrography and geochemical classification
Thin sections were stained (Dickson, 1965) and petrographically examined using plane-light and cathodoluminesence (Technosyn Luminoscope operated at 10 to 12 kV) microscopy. A Zeiss Ibas-20 Image Analysis system was used to generate pore-grain maps of the most prominent sediment textures. The mixed siliciclastic-carbonate samples analyzed for their acoustic properties in this study have been petrographically Note: PP. class. = petrophysical-petrographical classification; 1 = quartz-grain supported with weight% quartz > 50%; 2 = weight% quartz: 10% < quartz < 50%; 3 = dolomitic limestone with ratio dolomite/calcite > 1.5 and quartz% < 10%; 4 = mixed dolomiticcalcitic limestone with quartz% < 10%; 5 = calcitic limestone with ratio dolomite/calcite < 0.66 and quartz% < 10%; * = total of dolomite and calcite measured through XRF analysis; * * = total weight% of calculated minerals; a = not analyzed. (Dunham, 1962; Pettijohn et al., 1973) and geochemically (Table 2 ) segregated according to their content of quartz, calcite, and dolomite. The specimens are subdivided into groups that are discriminated by petrographic observations on textural factors (e.g., Vernik, 1994) , and on the mineralogic composition (Table 2) . These petrophysical groups and their associated characteristics (Table 3) moldic porosity filled with zoned bright cathodoluminesence (CL) columnar calcite cements, etched zoned dull CL blocky calcite cements, and fibrous non-CL speleothem calcite cements (Figures 4b, 4c , and 4d); (3) dolomitized pack-to grainstones (CaMg(CO 3 ) 2 /CaCO 3 > 1.5; SiO 2 < 10%) exhibiting dull zoned CL dolomite cements, dull zoned CL blocky calcite cements, vug porosity, and fibrous non-CL speleothem and non-CL whisker calcite cements (Figures 4e and 4f) ; (4) partially dolomitized limestones (pack-to grainstone texture; 0.66 > CaMg(CO 3 ) 2 /CaCO 3 < 1.5; SiO 2 < 10%) with non-CL blocky calcite cements and chalcedony cements ( Figures  4g and 4h) ; and (5) calcitic limestones (wacke-to packstone texture; CaMg(CO 3 ) 2 /CaCO 3 < 0.66; SiO 2 < 10%) containing dull zoned CL dolomite cements, multiple non-CL to dull CL zoned blocky calcite cements in primary and fracture porosity, dolomite leaching and hematite (Figure 4i ).
The quartz-grain supported textures of group 1 should have a quartz percentage higher than 65%. However, petrographic observations of grain-supported quartz textures correspond to minimum weight percentages of quartz of 55% and higher. Observations show that these quartz graywackes have some 10 to 15% carbonate grains that are part of the grain-supported fabric. Therefore, the rock specimens of group 1 are not completely quartz-grain supported.
Pore types do not correlate significantly to the petrophysical groups ( Figure 5 ). Moldic pores (from 250 µm to mm size) are observed in both groups 2 and 3. They are smooth to irregular, have no specific orientation, and may be partially filled by cement (Figures 5a, 5b , and 5c, and Figure 4c ). Interparticle porosity is mainly restricted to groups 1 and 3. Micropores range in size between 10's of microns up to 250 µm, are irregular in shape, and may be partially filled with cement (Figures 4a  and 5d) . Very large, mm-sized, highly irregular and unoriented pores are observed in groups 3 and 4 (Figures 5e and 5f ). Microporosity, smaller than 10 µm, is predominant in groups 1 and 2. In general, pore types are highly variable and not restricted to one specific petrophysical group. Table 1 summarizes the measurements of the petrophysical properties of the 48 specimens. Substantial scatter occurs in the velocity-porosity relationship (Figure 6a) . A certain value of compressional velocity corresponds to a range of about 15 porosity percent. The velocity-porosity transforms in Wyllie et al. (1958) for dolomitic limestones and sandstone, and Raymer et al. (1980) for sandstone, are only crude approximations of the variation in the data set. Most of the data exhibit significantly higher sonic velocities than predicted by these empirical equations. In contrast, Gardner's (1974) experimental equations for limestone and sandstone have parallel trends to the data set but predict velocities that only explain the upper part of the data (Figure 6b) .
DISCUSSION
Sonic velocity
The rock specimens were measured at an effective stress level of 30 MPa for two reasons: (1) at this effective stress the microcracks induced by stress-relief should be closed (Vernik, 1994) ; (2) the closure of the microcracks and general stiffening of the grain and crystal contacts reduces the local flow effect on velocity dispersion that is known to offset laboratory data relative to the lower frequency field measurements (Mavko and Jizba, 1991) . Specimens with velocities lower than approximately 4.5 km/s have lower carbonate content and higher porosity and are more sensitive to stress (Figure 7a ). Most critical in this relationship is the carbonate content (Figure 7b) ; at carbonate contents of less than approximately 50%, the effect of increasing effective stress is nearly twice of that at carbonate contents higher than 50%. This may imply that as effective stress increases from 2 to 30 MPa, differences in the data set may be significantly enhanced. Porosity is similarly correlated (reversed) with effective stress but shows considerably more scatter than the stress versus carbonate content plot, possibly due to the variation in pore type (Figure 7c) . Figure 8 shows cross plots of sonic velocity versus porosity discriminated for carbonate-, quartz-, and mica content only. Rock specimens with carbonate content higher than 90% uniquely represent the higher velocity-porosity combinations in the diagrams. At lower carbonate contents, the relationship between mineralogy and velocity-porosity is more complex, and no single mineralogic parameter explains the remaining variation. When the rock specimens are discriminated for both mineralogy and textural properties, a significant separation between the petrophysical groups is observed (Figure 9) . Overall, carbonates with more than 90% carbonate content (groups 3, a) b) FIG. 6 . Cross plots, undifferentiated for mineralogy, of sonic velocity versus porosity and density. (a) Cross plot of P-wave velocity versus porosity along with velocity-porosity transforms by Wyllie et al. (1956) for calcite and quartz, and Raymer et al. (1980) . (b) Cross plot of velocity versus density along with Gardner's solutions for limestone, sandstone, shale, and Gardner's general equation. See text for discussion. 4, and 5) have higher velocities than the quartz-rich specimens. The quartz-grain supported graywackes have the lowest velocities. The petrophysical classification of the samples, for this limited data set, does not add significantly to the information gained from the mineralogic composition.
Velocity-porosity-mineralogy transforms
A multivariate linear regression was used to calculate a regression surface that predicts sonic velocity from porosity and carbonate content at the two different stresses of 9 and 30 MPa. Initially, a series of different polynomial, unbiased, fitting experiments were conducted. The velocity was expanded versus all independent variables in Taylor series up to third order. Then, terms with small regression coefficients were omitted, resulting in a short final equation that has only 4 polynomial terms (out of 10 originally) and still has a reasonable fit of the data. However, the simplest transform, within the 25% porosity range of the data set, was a multivariate linear fit:
where V is compressional or shear-wave velocity, φ is fractional porosity, and α is the fraction of carbonate material. C 1 , C 2 , C 3 , and C 4 are the regression coefficients for compressional and shear-wave velocity at effective stresses of 9 and 30 MPa (Table 4) . Similar to the velocity-porosity transforms calculated for silicilastics by Vernik (1994) , the velocity-porosity relation for a given mineralogic composition is a linear equation. At a fixed porosity, the velocity-mineralogy relation is also a linear function and has a similar variation as the velocity-porosity equation for the range in porosity between 0 and 25%. Subsequently, in this porosity range and for this limited data set, the effect of carbonate content on the acoustic behavior is comparable to that of porosity. Figures 10a-b and 11a-b show contour plots of carbonate content versus porosity at 9 and 30 MPa effective stresses, respectively. Contours are compressional and shear-wave velocities calculated by the porosity-carbonatevelocity transforms of equation (1). At 9 MPa and zero porosity, the pure carbonates have compressional-wave velocities that are up to 1.6 km/s higher than those for siliciclastics (C 3 , Table 4 ). With increasing porosity, this difference increases up to 2.3 km/s at 25% porosity (C 3 + 0.25C 4 , Table 4 ). Similar values of compressional-wave velocity Table 4 . Coefficients and elastic constants of velocityporosity-mineralogy transforms. Vernik, 1994) . Cross plots of measured velocity versus calculated velocity (Figures 10e and 10f , and Figures 11e and 11f ) along with histograms of the residuals (Figures 10g and 10h, and Figures 11g and 11h) clearly demonstrate the good fit (R = 0.92-0.94) of the calculated velocityporosity-carbonate transforms.
The slope of the velocity-porosity relation at constant carbonate content, ∂ V /∂φ, derived from equation (1) is given by
The slope of the velocity-porosity transforms for low-carbonate contents, sandstones, is steeper than that for high-carbonate contents since C 4 has an opposite sign compared to C 2 (see Table 4 ). 9.7 at low-carbonate content, sandstones, and 7.1 (km/s) −1 at high-carbonate content and effective stresses of 9 MPa. For shear-wave velocities the difference between the two gradients is larger (4.6 versus 2.6 (km/s) −1 ). The difference is decreasing with increasing effective stress: at 30 MPa the values are 1.0 for compressional and 2.6 (km/s) −1 for shear-wave velocities. The value for the sandstones at 30 MPa, 8.2 (km/s) −1 , is slightly higher than that reported by Vernik (1994) , about 6.9 to 8.0 (km/s) −1 for arenites. This is possibly due to the presence of clay in his data set (up to 15%). The relatively lower slope for compressional-wave velocity, about 7.1 to 7.2 (km/s) −1 at 9-30 MPa, is common for pure carbonates and has been documented in previously published data (e.g., Anselmetti, 1994; Kenter and Ivanov, 1995) .
A rough estimate of the pressure dependence of compressional and shear-wave velocities can be derived from equation (1) by subtracting the coefficients at 9 MPa from those at 30 MPa and dividing the results by the difference in the effective stress:
∂ V P /∂ P = 7.51 + 7.27φ − 3.53α − 7.81φα, for P e = 9 MPa, ∂ V S /∂ P = 3.75 + 6.80φ + 3.36α − 9.55φα, for P e = 30 MPa, (3) where ∂ V P /∂ P is in km/s/MPa. Since the data sets used for the fitting are only at two pressure levels, this rough estimate is equivalent to a least-square fitting of the entire set of measurements assuming linear dependence on pressure. The linear dependence of velocity on pressure between 9 and 30 MPa is confirmed by the diagram in Figure 7a , in which the data set includes velocity measurements at intermediate pressures. It is clear from equation (3) that the influence of effective stress on the velocity is stronger in the low-carbonate domain, and virtually absent at high-carbonate contents. This is probably a combined effect of the closure of microcracks and the properties of carbonate diagenetic fabrics. Carbonate minerals are more susceptible to changing petrophysical conditions that result in a better fit of crystal contacts. Together with the higher matrix velocity of carbonate minerals (6.5 to 6.8 km/s; Carmichael, 1989) , this may explain the earlier documented tendency of carbonates to have higher sonic velocities at higher porosities than siliciclastics, and to be less sensitive to variations in effective stress. For future synthetic seismic modeling of the Last Chance Canyon cross-section it is important that the subsurface analog be at a depth of only some 100's of meters which is equivalent to an effective stress of a few MPa's. The overall acoustic behavior of the data set will subsequently change with increasing depth of the subsurface target.
Velocity ratio
The ratio of compressional-wave and shear-wave velocity (V P /V S ) is often regarded as a tool for indicating pore fluid and porosity (Robertson, 1987) , to differentiate between lithologies (Tatham, 1982; Domenico, 1984; Wilkens et al., 1984; Castagna et al., 1985) , or to determine the mineralogic composition (Eastwood and Castagna, 1983; Rafavich et al., 1984) . Data presented in Rafavich et al. (1984) show a clear separation between dolomitic and calcitic limestones. Figure 12 plots V P /V S versus porosity and carbonate content and shows that (1) predominantly calcitic limestones with less than 10% quartz (V P > 5 km/s and V P /V S > 1.8) could be distinguished from quartz-rich limestones (V P < 5.5 km/s and V P /V S < 1.8), and (2) dolomitic limestones with less than 10% quartz could not be separated from quartz-rich limestones and show an overlap with the calcitic limestones. This ratio has been fitted by a simple linear relationship that already resulted in a high correlation coefficient (R = 0.97) for both 9 and 30 MPa:
for P e = 9 MPa, dolomite content is significantly smaller than that representing porosity and calcite content. This explains the possibility of identifying calcitic limestones and high porosity using the V P /V S diagrams and the difficulty in the separation of dolomitic limestones from the sandstones.
Within the presented mixed siliciclastics-carbonate data set, the velocity ratio is a powerful tool to discriminate between lithologies that are predominated by calcite and quartz. Predominantly dolomitic lithologies can be distinguished from calcitic limestones but not from siliceous lithologies.
Mineralogic composition
Several techniques have been used in the literature to determine the quantitative mineralogy of sedimentary rocks. These methods vary from point counting mineral grains in thin sections (e.g., Rafavich et al., 1984; Vernik and Nur, 1992; Vernik, 1994) , to quantitative X-ray diffraction of powdered samples (Shams-Kanshir, 1994) ; in many studies, no method is referenced at all. Especially, the quantification of grains with significant textural different characteristics that affect the fabric and grain-to-grain contacts, like detrital and authigenic clay minerals, is of critical importance to the elastic properties of the rock. Point counting has severe limitations when determining percentages of mineral grains that have dimensions smaller than 30 µm, such as clay minerals. Second, the extrapolation from 2-D observations of usually oriented particles with high aspect ratios to 3-D units is unreliable, as shown by experiments with image analysis of porosity. The quantitative phase analysis of unknown materials by XRD is practically impossible (Wilson, 1987) . Especially, analyzing clay minerals, the great variability in diffracting powder and preparation techniques renders measurements semiquantitative (McEwan et al., 1961) . Therefore, in this study we used XRD to identify the dominant mineral groups and, e.g., the peak heights of mica and feldspar to determine their relative contribution to the host rock. XRF analysis were then used to convert to a quantitative mineralogic composition. The accuracy of the total carbonate content (dolomite and calcite) calculated this way is close to that determined using the Scheibler technique (see Table 2 ), and its accuracy is probably higher than ±1.5 weight%. The accuracy of the noncarbonate mineral composition is estimated at ±3 weight% which renders some of the very low contributions by mica doubtful. Only two specimens, LCC37 and LCC46, have relatively low accuracy that is probably related to the presence of unidentified minerals (see Table 2 ). However, the main parameter affecting the acoustic behavior of the specimens is the total carbonate content.
Diagenetic influences
The presence or absence of quartz grains is a first-order control on the acoustic behavior of the siliciclastic and carbonate samples analyzed in this study. However, a complex array of second-order diagenetic controls have created the present-day porosity and permeability of each lithology, and therefore further influence the acoustic behavior within the two main groups determined by the presence and absence of quartz.
The quartz graywackes and quartz-rich wackestones (groups 1 and 2) exhibit sutured grain contacts formed as a result of pressure solution during burial (Pettijohn et al., 1973) . In addition, biomoldic porosity is partially occluded by columnar and blocky calcite cements, which postdate the pressure solution and are therein a product of burial diagenesis. The nondolomitized, partially dolomitized, and completely dolomitized limestones (groups 3, 4, and 5) exhibit various diagenetic effects. Extensive dolomite cementation, and blocky calcite cementation, as well as some chalcedony cementation has occluded much of the primary porosity. Therefore, present-day porosity in these facies is primarily the result of later stage dissolution forming vuggy porosity. The result is that lithologies with significantly different primary depositional porosities now have similar porosities and acoustic behavior.
The late-stage diagenesis in all five lithologic categories includes dissolution vugs, some fracturing, and the precipitation of nonluminescent fibrous and whisker calcites that suggest precipitation from oxygenated meteoric near-surface groundwaters (Esteban and Klappa, 1983; Verrechia and Verecchia, 1994) . All of these features may have been formed since the platform margin was exhumed and subaerially exposed. However, late-stage features are minimal in the thin sections studied and may not have significantly affected porosity.
CONCLUSIONS
Measurements of the petrophysical properties, quantitative mineralogic composition, observations on the texture, and the subsequent subdivision into petrophysical groups of 48 rock specimens from a formation of Permian limestones, dolomites, and quartz sandstones have important implications for the understanding of the acoustic behavior of mixed carbonatesiliciclastic rocks.
Common velocity-porosity transforms by Wyllie et al. (1958) and Raymer et al. (1980) only imperfectly explain the observed relationship between velocity and porosity in the data set. Gardner's experimental curves overestimate the velocitydensity relation present in the mixed carbonate-siliciclastic data.
Linear multivariate analysis resulted in velocity-porositycarbonate content transforms that accurately predict sonic velocity, compressional velocity, and shear-wave velocities within the mixed carbonate-siliciclastic data set. The predominant control on sonic velocity is by porosity and, secondly, by carbonate content. The influence of carbonate content is larger in the shear wave-porosity-carbonate content transfom. The slope of the porosity-velocity transforms, within the 0 to 25% porosity domain, steepens with increasing carbonate content.
Third, the velocity ratio V P /V S is a powerful tool to separate predominantly calcitic lithologies (ratio between 1.8 and 1.95) from dolomitic and quartz-supported sedimentary rocks (ratio between 1.65 and 1.8).
These findings suggest a more complicated relationship for mixed carbonate-siliciclastics than earlier documented for pure siliciclastics. Reasons for this may be the higher mineral velocity and the property of carbonate minerals to form more perfect intercrystalline boundaries.
Finally, postburial diagenesis is minor and does not seem to have affected the acoustic properties. Therefore, the documented acoustic parameters can be regarded as describing the true subsurface petrophysical behavior of the rocks.
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